Abstract: Cilia and flagella are microtubule-based cell extensions which are widely distributed among eukaryotes. Ciliary motility functions in cell locomotion and the transport of extracellular fluids. Mammalian cells often possess a single non-motile cilium, the primary cilium, which has sensory and signaling functions. The assembly of most eukaryotic cilia and flagella requires intraflagellar transport (IFT), the bidirectional movement of protein particles along the microtubules of the axoneme. IFT was first described 20 years ago using the unicellular alga Chlamydomonas reinhardtii as a model. Defects in IFT and ciliary protein transport have been linked to numerous human diseases including blindness and obesity. This review provides an introductory overview of IFT and highlights the role of algae in its analysis.
Introduction
Cilia and eukaryotic flagella are essentially identical cell organelles and the two terms will be used interchangeably in this article. The hallmark of all cilia and flagella is the axoneme, a microtubular scaffold typically consisting of nine doublet microtubules. Most motile cilia possess a central pair apparatus (CP), build around two singlet microtubules, and numerous projections and protein complexes such as the outer and inner dynein arm motor complexes (ODA and IDA), radial spokes (RS), and the nexin-dynein regulatory complex (N-DRC), which are attached in regular intervals to the doublets (Porter & Sale 2000; Fig. 1A ) The axoneme is covered by the ciliary membrane, which is continuous with the plasma membrane but specialized in protein and lipid content. The structural complexity of cilia is reflected in their protein composition: several hundred distinct proteins have been identified with high confidence in a proteomic analysis of flagella isolated from volvocean alga Chlamydomonas reinhardtii, a flagship model for flagellar cell biology (Pazour et al. 2005) . Estimates suggest that probably more than 1000 distinct polypeptides are present in a cilium. Because cilia are devoid of protein synthesis, all proteins required in the organelle need to be imported from the cell body. Intraflagellar transport (IFT), a specialized form of motor-driven intracellular transport, is crucial for protein transport in cilia and the assembly of the organelle. Since its first description 20 years ago, we have learned a lot about the structure and composition of IFT particles and the role of IFT in ciliary assembly and function. Here, I will focus mostly on IFT in C. reinhardtii.
A brief history of IFT
Microtubules are polarized polymers, which preferably elongate by addition of tubulin to the plus-end. In flagella, the plus-ends of the axonemal microtubules point away from the cell body (Euteneuer & McIntosh 1981) . Rosenbaum and Child (Yale University) first demonstrated the flagella grow by the addition of protein to the distal end (Rosenbaum & Child 1967) . After amputating the flagella from the euglenophytes Euglena gracilis and Astasia longa and the chrysophyte Ochromonas danica by vortexing, the cells regrew flagella over the course of several hours. When isotopically labeled leucine was added to O. danica immediately after flagellar amputation, the label was incorporated along the entire length of the newly formed flagellum. However, when isotopic leucine was added only after the cells had regenerated half-length flagella, incorporation was largely limited to the distal portion of the flagellum. The authors concluded "that the flagella grow by addition of precursors to the tip" and postulated "that the flagellar proteins are synthesized (. . .) on cytoplasmic ribosomes (. . .) and subsequently transferred up the shaft to the tip assembly site (. . .)". Similar experiments using C. reinhardtii confirmed that axonemes grow by the addition of new proteins at the distal end (Witman 1975) . While small molecules such as ATP or calcium might distribute inside cilia by diffusion, large proteins and protein complexes are likely to require an active transport system to move at sufficient rates to the ciliary tip (Takao & Kamimura 2010; Delling et al. 2013) . Observations by Robert Bloodgood (University of Virginia)
